The Linac Coherent Light Source (LCLS) as the world's first hard x-ray free electron laser in the range of 250 eV to 10 keV at its fundamental wavelength has been operated as a user facility since 2009 with six experimental stations and an increasing range of x-ray beam parameters now available to users. Various aspects of operating the LCLS accelerator to deliver the necessary electron beam in terms of bunch charge, energy, and length for the wide parameter range and different FEL operating modes will be discussed. An emphasis will be on the electron beam diagnostics that are most critical for generating the desired x-ray beam properties. Measurements of electron beam energy, energy loss, and transverse orbit will be shown as well as bunch duration and shape measurements.
INTRODUCTION
The Linac Coherent Light Source is one of two world-wide operating free electron laser (FEL) based hard and soft x-ray user facilities.
1, 2 It delivers photon pulses of several mJ pulse energy with durations of 10s to 100s of femtoseconds at rates of up to 120 Hz to one of the six experiment hutches. The electron beam is generated with a high-brightness photo-injector, accelerated in three stages with two interspersed magnetic chicane bunch compressors, and finally delivered to the 130 m long undulator beam line where the x-ray beam is generated via self-amplified spontaneous emission from the electrons passing through the undulators. The main baseline and normal operation parameters for the LCLS electron and x-ray beam are summarized in Table 1 . During the initial commissioning and following user operation, the operating range of LCLS and the capabilities to tailor the x-ray pulses in terms of wavelength, pulse duration, pulse energy, and spectral bandwidth have been continuously expanded with the latest addition of self-seeding for hard x-rays 3 and a planned installation of a soft x-ray self seeding setup. User demands for this wide range of operating modes require frequent changes to the accelerator setup, notably twice a day during the scheduled experiment destination switching, but also occasionally during a user shift itself. Automated accelerator setup and tuning procedures 4 are important factors for an optimized photon beam delivery. Reliable diagnostics for the electron beam are similarly important, and the electron beam diagnostics relevant to the x-ray beam can be organized into two groups. One is the diagnostics needed for determining x-ray beam parameters from the electron beam, such as pulse length or pulse energy, which are not as easily accessible from the x-ray beam directly. The other relates to electron beam parameters that affect the x-ray parameters and that are important tools in understanding and optimizing the performance of the FEL. A schematic of the LCLS layout and the location of the most relevant diagnostics which will be discussed in the following sections are shown in Fig. 1 .
Baseline Operation Unit
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TRANSVERSE BEAM DIAGNOSTICS
The FEL performance and the transverse properties of the generated x-ray beam depend strongly on the position and size of the electron beam as it passes through the 130 m of undulators at LCLS. The instrumentation used for measuring both parameters and the operational aspects are discussed in the following sections.
Undulator Beam Position
The main purpose of the beam position monitor (BPM) system in the undulators is to provide a precise measurement of the beam trajectory along the undulators at a level of at least a few µm resolution. This is then used by a feedback system to keep the beam orbit stable to a fraction of the beam size, and furthermore, to have high precision orbit information to perform the beam-based alignment of the undulators and focusing magnets so that an absolute straightness of the beam orbit over the 130 m long undulator system with deviations of less than 10 µm is possible. The BPM system 5 consists of 37 cavity BPMs with most of them located in the space between the undulators. Each has two cavities operating at X-band frequency, one a monopole cavity to provide beam intensity and normalization signals, and the other a dipole cavity to give the horizontal and vertical beam position. By correlating the shot by shot beam position at one BPM with the positions at all other BPMs, a resolution can be obtained which is about 250 nm at the upper end of the charge range of 250 pC, and 2 µm at the lowest charge of 20 pC. 6 This high resolution enables very precise alignment of the undulators to an absolute orbit straightness of better than a few µm. 
Undulator Beam Size
The beam based alignment is done for a constant setting for the field strength of focusing magnets in the undulator over the entire energy range of the LCLS accelerator. This makes the beam transport through the undulators energy dependent and for each energy, the beam size and divergence at the undulator entrance has to be matched to the optimum beam optical functions to guarantee a more or less uniform beam size throughout the undulators. A so-called beam finder wire (BFW) system consisting of crossed 40 µm thick carbon wires that can be inserted into the beam at the upstream end of each undulator 7 was originally conceived to measure and align the position of this end of each undulator relative to the electron beam (the downstream end is adjusted by the adjacent BPM during beam based alignment). By stepping the horizontal of vertical position of the upstream undulator support girder, the respective wire can be moved through the electron beam, and the beam centroid and beam size can be obtained by simultaneously recording a beam loss signal as a function of wire position. Such a measurement at 5.2 GeV is shown in Fig. 2 on the left panel. The signal scatter is mostly from undulators can be used to fit the parameters of the transverse phase space ellipse at the beginning of the undulators and to determine the beam size evolution at any point throughout the entire undulator beam line. A horizontal beam size measurment at a beam energy of 5.185 GeV with 6 BFWs along the first half of the undulators is shown in Fig. 3 together with the predicted beam size based on the fit and the ideal ones. Both the measured (β, α) and ideal (β 0 , α 0 , in parentheses) values of the lattice functions are given for the BFW located 25 m into the undulators. The dimensionless mismatch parameter ξ = (βγ 0 − 2αα 0 + γβ 0 ) /2 expresses the deviation from an ideal match, and for this particular example, the beam size though the undulators varied by a factor 3 instead of 30% in the matched case.
The established procedure for setting up the beam transport to the undulators is based on a measurement of the optical functions with standard LCLS wire scanners some 30m and more upstream of the undulators. However, from past beam orbit measurements it is known that the beam transport in that area is not completely understood at beam energies much lower than the design energy of 13.6 GeV, which explains the observed mismatch. An undulator beam size-based matching procedure can now be used to fine tune the beam size evolution through the undulator, which in turn enables a better reproducibility and understanding of the x-ray divergence and beam size delivered to the x-ray experiment hutches.
LONGITUDINAL BEAM DIAGNOSTICS
Diagnostics based on the electron beam properties can provide valuable insight into the longitudinal electron phase space distribution which ultimately determine the spectral and temporal X-ray pulse properties. Measurements using existing instrumentation of the energy loss, energy spectrum, and temporal bunch length and distribution of the electron beam are discussed in the following sections. In addition, new bunch length and longitudinal diagnostics in the undulator area are presently being implemented to gain better knowledge of the bunch distribution close to the undulators as the magnetic bend systems in the long beam transport to the undulators can alter the temporal distribution in the electron bunches from the one measured after the second bunch compressor.
Energy Loss Measurement
The high resolution of a few 10 µm of the BPM based transverse beam position measurement in the dispersive regions with 10 cm to 1 m dispersion enables a relative energy determination at a level of better than 10 −4 . The energy measurement can be further enhanced by removing beam orbit motion with a simultaneous beam position measurement at nearby BPMs. This can be utilized to measure the shot by shot difference in beam energy between dispersive sections upstream and downstream of the undulators to obtain the loss of electron beam energy due to the FEL interaction and hence the X-ray pulse energy. The additional energy loss from resistive wall wake fields of the beam pipe, from coherent synchrontron radiation in the bend magnets, and spontaneous radiation in the undulators can be accounted for with a reference measurement with the FEL interaction suppressed by creating a sufficiently large betatron oscillation of the beam in the undulators. The wake loss is furthermore dependent on the electron beam peak current and removing this correlation from the energy loss measurement significantly increases the signal to noise ratio in the data.
An energy loss scan at a beam energy of 8.22 GeV where the first corrector in the undulators was used to introduce a betatron oscillation in the undulator with varying amplitude is shown in Fig. 4 with more than 20 MeV loss per electron corresponding to about 6 mJ of X-ray pulse energy. The jitter of the electron beam peak current as measured with the relative bunch length monitor can be used to obtain its correlation (Fig. 4) to the wake loss, which is subsequently removed from the energy loss scan data. Such energy loss scans take only 10s of seconds and are performed regularly during normal LCLS operation, particulary when operating parameters are changed, to provide an accurate absolute calibration of the X-ray gas detectors, as their response depends strongly on the X-ray wavelength.
Energy Spread Measurement
The combination of off-crest acceleration and dipole chicanes used for the bunch compression in combination with longitudinal wake fields affecting the electron beam during the beam transport to the undulators generates a chirped electron energy distribution highly correlated with the bunch temporal distribution and highly sensitive . The red dots are the energy loss per electron, whereas the small green dots are corresponding X-ray pulse energy measurements using the X-ray gas detectors which were calibrated to match the electron beam measurement. The right panel shows a wake loss to peak current calibration (dots) with a corresponding linear fit (solid red line).
to the particular RF phase and amplitude settings for the accelerating sections. The energy spectrum of the X-ray beam is also mostly determined by the energy distribution in the electron bunch. High resolution measurements of the energy spread can be used to optimize the accelerator to achieve either a minimum X-ray bandwidth or one desired by the FEL users. Two wire scanners, one before and one after the undulators provide such measurements with a relative energy resolution at the level of 1 × 10 −4 and 3 × 10 −5 . Similar to the above mentioned wire scans for the transverse beam distribution, simultaneous acquisitions of the beam orbit with fits to transverse beam position and, in this case, also beam energy are used to remove the effect of beam position and energy jitter on the scan data which can be as large as the energy spread itself.
Two scans under non-optimized RF settings before the first bunch compressor can be seen in • phase and with the cavity off, and a fit of the rms bunch length to the data (solid line). The right panel shows for a longer bunch at a different bunch compression setting the two temporal distributions at the ±90
• phases. The apparent difference in duration is due to a bunch tilt in the (y, z)-plane.
to suppress lasing and to remove the effect of the FEL interaction on the electron beam energy distribution.
In this example the upstream relative energy spread of 10 × 10 −4 grows to 30 × 10 −4 after the undulator from resistive wall wake field effects upstream and within the undulators.
Transverse Deflecting Cavity
The absolute bunch length of the LCLS electron bunches after the second bunch compressor can be obtained with a so-called transverse deflecting cavity (TCAV3) 8 whose RF fields are perpendicular to the beam direction to impart a horizontal or vertical time-dependent kick to the electron bunches. The amount of deflection is a function of the phase between the cavity and the beam, and if the beam travels through the structure at one of the zero-crossings of the field, the centroid of the bunch sees a zero kick, but the head and tail get deflected to opposing directions. This effectively maps the time coordinate to a transverse position if the beam profile is measured with a screen or wire scanner suitably located downstream with 90
• betatron phase advance. The 2.4 m long TCAV3 deflecting S-band cavity at 2856 GHz 9 is normally operated at a deflecting voltage of 15 MV which results in a typical sheer factor of 10, i.e. the ratio of the vertical offset vs. longitudinal position.
6 This factor is determined by changing the phase of the structure by a few degrees while observing the beam position at the wire scanner. At beam sizes between 40 − 70 µm, bunch structures of 20 fs and rms bunch durations as low as 5 fs can be resolved.
The transverse beam profiles streaked by the TCAV are measured with wire scanners some 300 m downstream of the cavity because due to coherent radiation issues no reliable beam profile could be obtained from the OTR screen originally intended for that purpose. The use of the wire implies a multi-shot measurement and the timing jitter between the RF fields in the cavity and the bunch leads at the wire to a large transverse jitter (comparable to the beam size) which has to be removed from the scan profile by a shot by shot orbit measurement with nearby BPMs.
A sample bunch length measurement close to the resolution limit is shown in Fig. 6 on the left panel for a 150 pC bunch charge. A fit to the rms beam sizes (from Gaussian fits to the transverse profiles) at the ±90
• zero-crossing phases and with the cavity off yields a rms bunch length of 2.5 µm or 30 fs FWHM assuming a flattop distribution. The shortest bunch lengths measured so far have been 1.5 µm rms. Details of the longitudinal bunch structure which have great influence on the X-ray temporal shape are accessible from the streaked beam profile as shown in the right panel of Fig. 6 for an under-compressed bunch at normal operating conditions. The streaking at the two zero-crossing phases generates mirror images of the bunch distribution with the wake-field induced double-horn structure clearly visible. The significant difference between the durations at the two phase settings is indicative of a vertical tilt from transverse wake fields which is already present in the bunch upstream of the deflecting cavity.
X-band TCAV Longitudinal Phase Space
While sufficient in resolution for normal charge operation at 150 − 250 pC, the existing TCAV cavity cannot resolve the ultra-short sub-micron bunches generated at LCLS in the low charge mode at 20 − 40 pC. 10 This diagnostic is also destructive to the beam. An X-band deflecting structure operating at 11.4 GHz can achieve a much higher resolution from the increased frequency and the higher deflecting voltage. Two such 1 m long structures with a total deflecting voltage of 48 MV 11 are presently being installed and commissioned downstream of the LCLS undulators to provide a sheer factor of more than 100 which means a resolution of about 10 times higher as for the existing TCAV3. In combination with the magnetic bends in the main electron dump downstream of the new cavity it will be possible to observe the full longitudinal phase space on a Ce-doped YAG screen with the energy measured in vertical direction, and the temporal distribution in the horizontal direction from the transverse cavity deflecting the beam horizontally.
This measurement of the longitudinal phase space will provide a time resolved measure of the electron energy distribution along the bunch and-similarly to the aforementioned energy loss scan-can be used to compare the time resolved energy with and without FEL interaction to obtain the energy loss along the bunch, which in turn is closely related to the corresponding X-ray temporal distribution. Simulations of such measurements for both soft and hard X-rays show that a temporal resolution of 1 − 2 fs can be achieved. 12 The energy resolution with the present camera setting is about 5 × 10 −5 . Planned upgrades to the existing YAG screen and camera system will provide a larger screen to accommodate the transverse jitter based on the cavity phase tolerance of 0.1
• and the beam arrival time jitter of about 50 fs. Furthermore, one can take advantage of the fact that this measurement is effectively non-destructive to the FEL as the X-band TCAV is located after the undulators, and with a faster image acquisition the reconstructed X-ray pulse profiles can be made available to the user experiment's data acquisition system at the full 120 Hz beam rate.
Coherent Radiation Bunch Length Monitor
The LCLS relative bunch length monitors 13 are based on coherent edge radiation (CER) emitted from the last bend magnet in each bunch compressor chicane which is spectrally integrated by pyroelectric detectors within a certain bandwidth. The radiation is extracted from the vacuum beam pipe via an annular mirror to pass the electron beam through and hence provides a non-intercepting relative bunch length measurement used for the longitudinal feedback system. The output from the control system is a peak current value reported on a pulse by pulse basis assuming a flat-top temporal charge distribution related to the rms bunch length σ and bunch charge Q via
The calibration of the raw signal from the pyroelectric detectors is done by an absolute measurement of the rms bunch length with the transverse deflecting cavity over the normal operating range for bunch length and charge. A common for the emission of coherent radiation from an electron bunch, the radiation spectrum is a product of three contributions, the characteristic emission spectrum for edge radiation from a single particle, the Fourier transform of the temporal charge distribution, and the transmission and efficiency spectrum of the detection apparatus. A simplified analytical model of the detector signal as a function of bunch charge and length can be obtained if a Gaussian charge distribution is assumed, the CER single particle spectrum is taken as uniform and the transmission of the detection apparatus is modeled as a kind of bandpass filter accounting for low frequency diffraction losses with a power law of order n dependency and the high frequency limit given by a Gaussian cut-off filter at frequency σ f . With the charge distribution spectrum I(ω) and the spectral transmission f (ω) then given as
Proc. of SPIE Vol. 8778 87780J-7 the detected signal becomes proportional to
with all constant factors lumped into one. As the bunch shape for the same rms bunch length is also depending on the bunch charge, the analytical model can further be enhanced by replacing the exponent of Q in Eq. (3) with a variable exponent α.
The calibration measurements taken over a 4 year operating period of the LCLS accelerator for the relative bunch length monitor (BL21) after the second bunch compressor (BC2) are shown in Fig. 7 compared to the absolute bunch length measurements with the transverse deflecting cavity (TCAV3) for bunch charges between 100 pC and 250 pC and rms bunch length ranges from 2 µm to 30 µm. The fit lines for the different charge levels are based on a single set of parameters for Eq. (3) with n = 1/2, α = 2.35, and σ f = 5 µm. The best fit parameter for the filter cut-off parameter corresponds to a wavelength of about 27 µm which matches well the cut-off wavelength of 30 µm of the low-pass filter installed in front of the pyroelectric detector. Using Eqs. (1) and (3) the fit obtained above can be used to generate a calibration function to obtain the peak current from the bunch length monitor and compare it to the deflecting cavity data. This is shown in Fig. 7 on the right panel together with the presently used calibration based on a simple model with n = 1/6, α = 2, and σ f = 0 or S = const Q 2 /σ 4/3 . The new calibration better accounts for the signal saturation that occurs at the shortest bunch lengths when the bunch form factor becomes uniform within the detection spectral bandwidth. Most peak current values are within 5% of the ones measured with TCAV3, whereas the present calibration has up to 40% error and only agrees with the TCAV3 data at 250 pC and between 1.5 kA and 3 kA.
Single Shot Spectrometer
The relative bunch length monitor after the second bunch compressor does not provide spectral information to determine details of the temporal bunch distribution, and it cannot be calibrated properly for the ultra-short sub-10 fs long bunches in low charge operation as the absolute measurement with the nearby S-band TCAV does not provide enough temporal resolution. As a substantially less expensive alternative to an X-band TCAV, a single-shot near-to mid-infrared spectrometer can provide the bunch form factor and within certain limits the temporal distribution of the bunch using a suitable coherent radiation source like diffraction, edge, or transition radiation. Such a device (SSTPS or Single-Shot THz Prism Spectrometer) has been developed 14 and is presently being benchmarked in the beam line section just upstream of the undulators where the coherent radiation is generated at an existing OTR foil. The spectrometer utilizes a KRS-5 prism as a dispersive element which is transmissive for the entire wavelength range of interest from 1 − 40 µm, and the dispersed radiation is then imaged onto a 128 element pyroelectric array. First tests of the spectrometer are giving promising results, and after commissioning of the X-band TCAV the bunch profiles reconstructed from the spectrometer measurements can be compared to the ones obtained from the TCAV.
